In this study, we calculate the photoionization cross section and refractive-index change of an on-center hydrogenic impurity in a CdS-SiO 2 spherical quantum dot. In numerical calculations, both the finite-and infinite-confinement cases are considered and a variational scheme is adopted to determine the energy eigenvalues for the impurity. The variations of the photoionization cross section with the dot radius, the refractive-index change, and the normalized photon energy are investigated, and the effect of the potentialbarrier height on the cross section is discussed. The results obtained show that the photoionization cross section and the refractive-index change in CdS-SiO 2 spherical quantum dots are sensitively dependent on the incident optical intensity and on the dot sizes. 
Introduction
Rapid developments in modern epitaxial growth techniques have enabled researchers to create structures on the nanometer scale where many fascinating new physical phenomena have been discovered. Because of their reduced dimensionality, these nano-scaled structures show very unique properties for device applications, especially in laser and optoelectronic technology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Therefore, great attention has been focused on the electronic and op-tical properties of these confined systems. Bastard [13, 14] was the first to deal with the problem of the binding energy of the hydrogenic impurity in a quantum well. Lee and Spector [15] have calculated the binding energy of an impurity in quantum wires in 1984. After that, a variational approach has been adopted to the hydrogenic impurity problem in a spherical quantum dot. This latter idea was pioneered by A.I. Ekimov et al. [16] . The binding energy of a hydrogenic impurity in a spherical quantum dot has been calculated by Zu et al. [17] . In recent years, several theoretical studies have advocated an approach concentrating on the binding energy of impurity states in spherical quantum dots for different confinement-potential shapes [18] [19] [20] [21] [22] [23] [24] .
The photoionization cross section and refractive-index changes play a fundamental role in understanding the optical properties of impurities in both semiconductor bulk materials and in heterostructures. The photoionization cross section of hydrogenic impurities in bulk semiconductors was investigated first by Lax [25] . Takikawa et al. [26] have examined the photoionization of deep traps in A G A /G A multiple quantum wells. The dependence of the photoionization cross section on the photon energy in semiconductors for different impurity potentials has been investigated by Ilaiwi and Tomak [27] . Also, the effect of the well width [28] and the polarization direction of light [29] on the photoionization of impurities in both finite-and infinite-barrier quantum wells have been studied. In quantum-well wire structures, photoionization of impurities has been studied by Sali et al. [30] . In their works, the authors have taken into account a rectangular wire and considered both finite-and infinite-confinement cases. In a similar study, the photoionization cross section has been calculated for different potential heights in Ga 1− Al As/GaAs heterostructures [31] . The variation of the photoionization with the dot radius for both on-center and off-center impurities in spherical quantum dots has been reported by Ham et al. [32, 33] . In addition to the above mentioned studies, the spectral dependence of the photoionization cross section in quantum box structures has been analyzed in Ref. [34] . Ham et al. [35] have investigated the photoionization in a cylindrical quantum wire using an infinite-well model.
The refractive index for intersubband optical transitions in the infinite confining potential regime in semiconductor quantum dots and its linear and nonlinear optical properties were discussed in Refs. [36] [37] [38] [39] [40] [41] [42] [43] . In Refs. [44] [45] [46] , the intersubband optical absorption coefficients and the refractive-index changes were calculated for a quantum box, a cylindrical quantum dot, and for the quantum dots of core-shell structures. However, there is no theoretical study on the photoionization cross section in the finitewell approximation and on the refractive-index changes of hydrogenic impurities in CdS-SiO 2 spherical quantum dots.
In this study, the photoionization cross section and refractive-index change associated with an on-center shallow donor impurity in a spherical CdS-SiO 2 quantum dot is investigated as a function of the dot radius and the normalized photon energy. Numerical calculations are performed for both finite-and infinite-confinement cases. The effect of the potential height on the cross section and on the refractive-index changes is discussed. In calculations, a variational scheme within an effective-mass approximation is used to determine the binding energy of the impurity.
Theory
The photoionization cross section can be defined as the ionization probability of electrons bound to a hydrogenic impurity under an external optical excitation, and therefore it should be strongly dependent on the confinement profile and its strength as well as on the excitation energies. An electron residing in the ground state of an impurity can undergo a transition to an excited state in the subband continuum by an interaction with incident electromagnetic radiation. In order for such a transition to occur, the excitation energy should be greater than the photoionization threshold energy E . As known from the literature, the photon energies involved in a photoionization process in small quantum dots (QDs) are generally larger than those for quantum wells (QWs) or quantumwell wires (QWWs) systems [34] . The main reason for this is the increase in the confinement of the electrons and thus the enhancement of the optical photoionization threshold energies. The photoionization cross section of an impurity can be given in the well-known dipole approximation as
Here, is the optical refractive index of the material, is the dielectric constant of the medium, α F S = ( 2 /(4π 0 )) is the fine-structure constant, and (E /E 0 ) is the socalled effective-field ratio that defines the ratio of the effective electric field of the incoming radiation and the average field in the medium. In real systems, it is difficult to calculate this ratio, but it has no effect on the shape of the photoionization cross section, and therefore it is taken as unity. In the above equation, | ψ | |ψ | 2 is the squared dipole matrix element between an initial ψ state and a final ψ state; E and E are the final-and initial-state energies, respectively. The model considered here is a system consisting of an electron bound to a shallow hydrogenic impurity in a spherical quantum dot. Within the effective-mass approximation, the Hamiltonian for such a system can be written as follows:
Here, is the electronic charge, * is the effective mass of the electron, and V ( ) is the confining potential. If V ( ) is chosen as infinite outside the spherical dot and zero inside it, i.e.,
then the eigenfunctions corresponding to the above Hamiltonian, in the presence of the impurity, can be given by following trial wave functions
for the ground state and
for the first excited state. Here, ( ) are the spherical Bessel functions. In the above equations, N and M are normalization constants, λ is a variational parameter that has to be determined using the energy-minimization requirement, 10 
then the relevant eigenfunctions would have the form
for the ground state and 
Here, E min (R ) is calculated by minimizing the matrix element ψ | H | ψ with respect to the variational parameter λ for each dot radius R. In the calculation of the photoionization cross section, we have used a narrow Lorentzian instead of the δ-function in Eq. (1):
Here, Γ is the hydrogenic impurity linewidth; it is taken to be sufficiently small, so that it has very little effect on the shape of the total photoionization cross-section profile. The linear and the third-order nonlinear refractive-index changes can be defined as [44] ∆ (1) 
where is the refractive index, σ V is the carrier density in this system, µ is the permeability of the system, R is the real part of the dielectric constant, Γ denotes the relaxation rate, E is the energy interval between two different electronic states, I is the incident optical intensity, and M is the matrix element defined by M = | ψ | |ψ |. Then, the total refractive-index change is given by
Results and discussions
In our numerical calculations, we have used reduced atomic units such that = 0 = = 1. In accordance with these units, the effective Bohr radius is given by * = 2 /( * 2 ) and the effective Rydberg energy is R * = * 2 /(2 2 2 ). The material parameters are * = 16 17Å, * = 0 18 0 , = 5 5, the band gap energy is 2 5 eV, and = 2 5 for CdS [47] . On the other hand, * = 0 916 0 , = 4, and the band gap energy is 7 eV for the barrier material Silica glass [48] . The binding energies of hydrogenic impurities in a CdS-SiO 2 quantum dot have been calculated within the effective-mass approximation by using the variational method. The variation of the binding energy with the dot radius has been plotted for the infinite and V = 2250 meV confinement case in Fig. 1 . From this figure, it can be seen that the binding energy decreases with increasing dot radius for both confinement cases, as expected. There is an apparent peak in the curve for the finite-confinement case of V = 2250 meV at a certain small dot radius at which the binding becomes maximal. In Fig. 2 , the variations of the photoionization cross section with the normalized photon energy for a shallow impurity for four different dot radii have been plotted in the infinite-confinement case. It can be seen from this figure that the photoionization cross section is decreasing with increasing normalized photon energy for all dot radii. This decrease is stronger at large dot radii than at small ones. On the other hand, when the normalized photon energies approach unity, there are sharp rises in all curves, which points at a resonance situation. To compare the finite-and infinite-confinement cases near the resonance situation, we have calculated the photoionization cross section as a function of the normalized photon energy at a constant dot radius of 50 Å, and the results are given in Fig. 3 . The variations of photoionization cross sections with the photon energy are very close to each other for both cases in a wide region. The distinction between them becomes significant only for values of the normalized energy that lie near the resonance condition of unity. Therefore, we can conclude from this behavior that the confinement strength is important only near the resonance for a certain dot radius, and as we go away from the resonance, the effect of confinement on the photoionization cross section would become less important.
In Figs. 4 and 5, we have plotted the variation of the photoionization cross section with the dot radius for three different normalized photon energies for the infinite confinement and 2250 meV potential height cases, respectively. As seen from these figures, the curves that correspond to the off-resonant cases increase smoothly with decreasing dot radius until a certain small dot-radius value; thereafter they decrease more rapidly. Namely, there is a certain dot-radius value at which the photoionization reaches its maximum. But the curves corresponding to the resonant case do not show such a turning point, and the photoionization cross section approaches a constant value when the radius is further decreased. Another point to be no- ticed is that the magnitudes of the photoionization cross section for the resonant case are significantly larger than those for both of the off-resonant cases over the whole range of dot radii, which is an expected feature. This result is more apparent for the infinite-confinement case. At smaller dot radii, the distinction between the resonant and the off-resonant cases becomes greater for both finite and infinite confinement.
Besides the photoionization cross section of CdS quantum dots embedded into a SiO 2 matrix, we have also investigated the linear and nonlinear refractive-index changes of these structures. For this purpose, we have calculated the linear, third-order, and total refractive-index changes as a function of the photon energy, and the results are given in Fig. 6 . In the calculations of these variations, the values used for the dot radius and the incident optical intensity are 20 Å and 4 MW/cm 2 , respectively. Also, the infinite-well approximation is assumed. In the vicinity of the resonance energy, the common behaviors of the curves are found to be in agreement with expectations. To investigate the dependence of the total refractive-index change on the incident optical intensity, we have calculated the variations of the total refractive-index change with the photon energy for four different optical intensities of I = 0 2 4 and 6 MW/cm 2 , and the results are plotted in Fig. 7 . As can be seen in this figure, the incident optical illumination has reduced the magnitude of the total refractive-index change. This is due to the further enhancement of the nonlinear (third-order) refractive-index change with the optical intensity. Since the linear refractive index is independent of the intensity (see Eq. (9)), an increase in the optical illumination has no effect on the linear part of the refractive index. On the other hand, the nonlinear part depends directly on the illumination, and so increasing the intensity enhances the magnitude of the third-order refractive index. Since these two parts are opposite in sign, the overall effect is the reduction of the total refractive-index change with the optical intensity.
Finally, we have calculated the variation of the total refractive-index change with the photon energy for three different dot radii. The results are given in Figs. 8 and 9 for the infinite-and finite-confinement cases, respectively. Here, the optical intensity is taken as I = 0 45 MW/cm 2 . By inspecting these two figures, one can see immediately the strong red-shift behavior for the refractive-index resonance with increasing dot radius. For example, in the case of infinite confinement (Fig. 8) , the resonance peak has been shifted towards smaller energies from approximately 850 meV to about 480 meV by increasing the dot radius by only 6 Å. A similar red shift is observed also for the finite-confinement case, as is seen in Fig. 9 . Another important result that can be extracted from these two figures is the effect of confinement on the resonance-peak positions. For a given dot-radius value, the peak position is shifted towards lower energies with decreasing confinement. Therefore, we can conclude that the maximum resonance energy at the total refractive-index change for any specific dot-radius value occurs in the infinite-confinement situation. In other words, one can claim a yellow shift for the refractive-index maximum with increasing confinement. These two parameters, the dot radius and the confinement strength, permit us to adjust precisely the resonance conditions and hence many optical properties related to it in any optical system using these materials.
Conclusions
In this study, we have investigated the photoionization cross section and the refractive-index change of an oncenter hydrogenic impurity in a CdS-SiO 2 spherical quantum dot. Both the photoionization and the total refractiveindex change including the third-order (nonlinear) contribution are important quantities in understanding the optical properties of any bulk material or heterostructure. The results obtained here demonstrate a strong dependence of these physical quantities on the dot radii and illumination strength for the cases of infinite and finite barrier height. In addition, red shift with the dot size or blue shift with the confinement strength in the refractive-index change together can allow us to tune the resonance frequencies as desired. In tuning the optical properties more precisely, the incident optical intensity can also be used as another parameter. We believe that this study will be beneficial to get more information about the optical properties of these kinds of structures.
